Abstract-The phase-noise performance of a low-noise preamplified two-channel optical downconverting link is measured for the first time. The downconverter is capable of operation over a 2-18-GHz bandwidth with a fixed intermediate frequency of 160 MHz. Results show that a two-channel configuration used as a remote microwave phase detector exhibits performance equivalent to a typical microwave mixer.
I. INTRODUCTION
T HE TRANSMISSION of microwave and millimeterwave signals over optical fibers offers many advantages over traditional coaxial and waveguide solutions and is gaining increasing acceptance in many applications. The ability to remote microwave antenna systems makes the use of optical fiber particularly attractive for microwave receive systems. Typically, these systems downconvert the received microwave signal to an intermediate frequency (IF) . Optical downconversion has recently been demonstrated [1] - [4] and is a potentially attractive alternative. However, optical downconverting links typically suffer from low-mixing efficiencies ( 10 to 20 dB) and high-noise figures (30 to 40 dB) when compared to traditional microwave mixers. When used with a microwave antenna receive system, the downconverting link must also exhibit low phase noise in order to achieve accurate and stable results. Recently, we have demonstrated a two-channel optical downconverter for microwave phase detection which overcomes many of the problems associated with previous optical downconverters [5] . The downconverter exhibited a conversion gain of 10 to 15 dB and a nominal noise figure of 11.6 dB.
In this letter, we measure for the first time, the singlesideband (SSB) phase-noise performance of a two-channel optical downconverting link for use in an antenna receiver. Low close-to-carrier (CTC) phase-noise performance is obtained in the two-channel configuration through cancellation of the optical source noise. The reduced noise figure for the system is also evidenced by the low phase noise at large offset frequencies. This is accomplished through the use of optical amplifiers in conjunction with an optical balanced detection scheme. The measured results are compared to a commercial microwave mixer and show no significant differences for the chosen system configuration.
II. SYSTEM CONFIGURATION
The two-channel fiber-optic downconverter is shown schematically in Fig. 1 . The basics of optical mixing are described in detail elsewhere [1] . The output of a 1550-nm solid-state laser is amplitude modulated by a 25-dBm microwave local oscillator (LO) signal using a Mach-Zehnder modulator (MZM) biased at quadrature. The MZM has a 3-dB bandwidth of 18 GHz. The modulated optical signal is then amplified by a 150-mW erbium-doped fiber amplifier (EDFA) in order to reduce the total link loss of the system. The amplified LO signal is split and used as a common feed for the two downconverter channels. The microwave inputs for the two downconverter channels are preamplified using 34.5-dB low-noise amplifiers with a noise figure of 3.9 dB. The input microwave signals are separately mixed with the LO-modulated carrier using dual-output MZM's. The outputs of both arms of the MZM's are demodulated using high-power p-i-n diode photodetectors and are combined in a capacitively coupled, balanced receiver configuration to suppress the AM noise of each channel. The individual photodetectors had a bandwidth of 1 GHz and a 1-dB compression current of approximately 20 mA. Two photodiodes in parallel were used in each arm of the MZM's in order to double the total received optical power for each channel. The length of fiber between each arm of the MZM and the photodetector was approximately 7 m. The IF signal output from each channel is amplified to a constant power level of 12 dBm using a limiting amplifier and filtered using a nine-pole 40-MHz bandwidth filter before being input into a microwave phase detector.
The system was designed to detect two-input microwave signals over a 2-18 GHz bandwidth and downconvert these signals to a constant IF frequency of 160 MHz. A conversion gain of 10 to 15 dB and a nominal noise figure of 11.6 dB were demonstrated for input microwave signals ranging from 85 to 25 dBm over the full frequency range [5] . These values are significant improvements over previous demonstrations and are mainly due to the use of preamplification of U.S. Government work not protected by U.S. copyright. the input microwave signals, increased optical power received at the photodetectors from optical amplification, the use of parallel photodetectors and the suppression of the AM noise contributions of the optical link from the balanced detection scheme.
III. RESULTS AND DISCUSSION
The SSB phase noise of the system was measured using a Hewlett-Packard 3048 phase-noise test set. The total additive phase noise of both channels was measured simultaneously using the residual phase-noise measurement technique shown in Fig. 1 . This configuration allows for the measurement of the added phase noise of a frequency-translating, two-port device without the need for an ultralow phase-noise reference source. However, it is implicitly assumed that the added phase noise of the two downconverting optical channels, or devices under test, are nominally identical. Since the optical downconverting links share a common LO-modulated optical signal, the added phase noise of the laser, EDFA, and LO MZM is also suppressed. Nearly complete suppression of the abovementioned contributions was assured by matching the delay through the two channels to within 2 ns. Since the downconverting system will be used as a remote microwave phase detector, this configuration measures the actual phase noise added to the system under real-world conditions.
The added SSB phase noise of the downconverting links was measured as a function of input power at a nominal input frequency of 8 GHz. The results are shown in Fig. 2 along with the measured noise floor of the test setup and the measured phase-noise performance of the preamplifiers. The phase-noise performance at 1-Hz offsets is approximately 94 dBc/Hz and falls off at a rate of 10 dB/decade, consistent with flicker noise. The source of this CTC flicker noise is the preamplifier used in the system. As the input microwave power is decreased, the white noise contribution increases, as expected. The dynamic system noise figure was calculated [6] from this white noise component to be between 11 and 14 dB which is consistent with the results in [5] . The lack of additional CTC phase noise from the optical components is an indication of the quality of the cancellation of the contributions of the laser and EDFA phase noise in the two-channel design. It should be noted that this cancellation only occurs in the system due to the effects of combining the two channels as a microwave phase detector of incoming signals. The phase-noise performance of the two-channel optical downconverter was compared to a commercially available microwave mixer. The results are shown in Fig. 3 . The plot labeled "two-channel optical" is the SSB phase noise of the two-channel optical downconverter operating at 8 GHz with an input power of 35 dBm, identical to the data shown in Fig. 2 . The data for the residual phase noise of the commercial microwave mixer was obtained by measuring two nominally identical devices which replaced the optical links in the system. The two techniques show virtually identical phasenoise performance. Again, the CTC phase noise is dominated by the preamplifiers in the system. Decreasing the input microwave power raises the contribution of the white noise component of the microwave mixers similar to the optical downconverter case.
Also shown in Fig. 3 is a measurement of a single channel optical downconverting link which was directly compared to the commercial microwave mixer. By directly comparing the phase noise of an optical link to the microwave mixer, we have introduced the phase-noise contributions of the laser source, the EDFA and the LO MZM that were previously canceled out in the two-channel configuration. The origins of the additional phase noise of this configuration are not known at this time. However, it is theorized that the laser relative intensity noise (RIN) has an effect on the measurement. The sources of the phase-noise contributions in a fiber-optic link are being investigated further. Although the phase noise of the downconverting link is significantly degraded by these additional contributions, it should be noted that many system configurations and applications are inherently multichannel and so provide common-mode rejection of correlated noises.
IV. CONCLUSION
We have measured the SSB phase-noise performance of a two-channel optical downconverter used as a remote microwave phase detector. The CTC phase noise of the system was limited by the preamplifier used in the microwave input port and had a value of approximately 94 dBc/Hz at a 1 Hz offset with a slope of 10 dB/decade. Measurements indicated phase-noise performance nearly identical to a commercial microwave mixer. The utility of the phase-noise cancellation of the laser and EDFA was demonstrated by comparing the system results to measurements made on a single channel downconverting optical link.
